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(57) Abstract 

The method and apparatus of the 
present invention provides a system wherein 
light-emitting diodes (LEDs) (162) can be 
tuned within a given range by selecting their 
operating drive current in order to obtain a 
precise wavelength. The present invention 
further provides a manner in which to cali- 
brate and utilize an LED probe (150), such 
that the shift in wavelength for a known 
change in drive current is a known quan- 
tity. In general, the principle of wavelength 
shift for current drive changes for LEDs is 
utilized in order to allow better calibration 
and added flexibility in the use of LED sen- 
sors, particularly in applications when the 
precise wavelength is needed in order to ob- 
tain accurate measurements. The present 
invention also provides a system in which 
it is not necessary to know precise wave- 
lengths of LEDs where precise wavelengths 
were needed in the past Finally, the present 
invention provides a method and apparatus 
for determining the operating wavelength 
of a light-emitting element such as a light- 
emitting diode. 
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Light source with adjustable wavelenght for an oximeter. 
Background of the Invention 

Field of the Invention 

The present invention relates generally to more effective calibration and use of fight-emitting diodes: More 
particularly, the present invention relates to an apparatus and method of calibrating and using light-emitting diodes 
in a sensor for use with an oximeter system. 
Description of the Related Art 

Light-emitting diodes (LEDs) are used in many applications. In certain applications, knowledge of the 
particular wavelength of operation of the LED is required to obtain accurate measurements. One such application 
is noninvasive oximeters conventionally used to monitor arterial oxygen saturation. 

In conventional oximetry procedures to determine arterial oxygen saturation, light energy is transmitted from 
LEDs, each having a respective wavelength, through human tissue carrying blood. Generally, the LEDs are part of 
a sensor attached to an oximeter system. In common usage, the sensor is attached to a finger or an earlobe. The 
light energy, which is attenuated by the blood, is detected with a photodetector and analyzed to determine the 
oxygen saturation. Additional constituents and characteristics of the blood, such as the saturation of 
carboxyhemoglobin and scattering can be monitored by utilizing additional LEDs with additional wavelengths. 

U.S. Patent No. 4,653,498 to New, Jr., et at, discloses a pulse oximeter that utilizes two LEDs to provide 
incident light energy of two different, but carefully selected, wavelengths. 

In conventional oximeters, the wavelength of each LED in a sensor must be precisely known in order to 
calculate accurately the oxygen saturation. However, the sensors are detachable from the oximeter system to allow 
for replacement or disinfection. 

When a sensor is replaced, the LEDs of the new sensor may have a slightly different wavelength for the 
predetermined LED drive current due to manufacturing tolerances. Accordingly, conventional oximeters provide for 
indicating to the oximeter the particular wavelength of the LEDs for a given sensor. In one known system, a resistor 
is used to code each transmission LEDs. The resistor is selected to have a value indicative of the wavelength of 
the. LED. The oximeter reads the resistor value on the sensor and utilizes the value of the resistor to determine the 
actual wavelength of the LEDs. This calibration procedure is described in U.S. Patent No. 4,621,643, assigned to 
NeOcor, Inc. Such a prior art sensor is depicted in FIGURE 1. 

Summary of the Invention 

In conventional oximeters which provide an indication of the operational wavelength of each LED for each 
sensor, the oximeter systems are programmed to perform the desired calculations for various wavelengths. This 
complicates the design of the oximeter system, and therefore, adds expense to the oximeter system. Accordingly, 
it would be advantageous to provide sensors which exhibit the same wavelength characteristics from sensor to 
sensor. 

In addition, conventional sensors require an additional LED for each additional wavelength desired. For 
replaceable sensors, each LED can add significant total additional cost because of the large number of sensors that 
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LEDs to the oximeter sensor. 

The present invention also invokes en application o, the wavelength shift in LEDs to obtain physio.og.cal 
data regard.no the oxygen saturation of b.ood without knowing the precise operational wavelength of an LED in the 
sensor. 



One aspect of the present invention provides a tuned fight transmission network for transmitting Hght energy 
atapresectedwavefengt, ^^i-.-^^^^.^^J^ 
w,th a ,,ht emuting diode coupled to the current source. The .i 9 ht emitting diode is of the type that exhibits a shift 

■ wavelength with a shift in a seiected tuning parameter. Advantageous* the tuning parameter is drive current 
or nve voltage. A tuning resistor connected in parallel with the Oght emitting diode has e va.ue selected to draw 
at leastafirst portion of the pressed source cunent such that e second portion of the presented source current 
passes through the Oght emitting diode. The second portion of the preselected source current is selected to cause 
the light emitting diode to generate fight energy of a preselected wavelength. 

In the present embodhnent. the tuned light transmission network also comprises a detector responsive to 
fiBht energy from the fight emnting diode to generate an output signal indicative of the intensity of the fight energy 
A " oth "W«fthepresentinventioninvoi,esamethodforprecafihratfi 1 gai^^ ^ 
metho mvoives a number of steps. A first level of current passing through a fight source as required to operate 
he fig t source at a preselected wavelength is determu,ed. A second .eve, of current is then defined. The second 
lave ofeurrentishigherthantheftstlevelofcunent. The second .eve. of cunent forms a drive current. Aresistor 

■ then selected which when coupted in paralle. with the fight source forms a tuned fight source network The 
mm is se.ected such that when H is connected m par* with the light source, h draws a sufficient amount of 
the dnve current such that the first level of current passes through the light source. 

Another aspect of the present invention is a method of providing two wavetengths from a single fight 
emrttmg diode. A fight emitting diode is se.ected of the type that exhmits a wavelength shut with a change in drive 

the light ending diode to provide the drive current, The fight emitting diode is drhmn with a first .eve. of drive 
current within the range of drive current to causa the fight emhth.g diode to become active and operate at a first 
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of drive current within the range of drive current and different from the first level of drive current to cause the light 
emitting diode to become active and operate at a second wavelength in response to the second level of drive current. 

In an embodiment where the fight emitting diode is configured to transmit light energy to a medium under 
test, the method comprises further steps. While the light emitting diode is operating at the first wavelength, light 
is transmitted as a first light energy at the first wavelength through the medium under test. The first wavelength 
is chosen for a first predetermined attenuation characteristic of the light energy as it propagates through the medium 
under test. The attenuated light energy is measured from the light emitting diode with a photodetector. In addition, 
while the light emitting diode is operating at the second wavelength; light energy is transmitted at the second 
wavelength through the medium under test. The second wavelength is chosen for a second predetermined 
attenuation characteristic of the light energy as it propagates through the medium under test. The attenuated light 
energy is measured at the second wavelength from the light emitting diode. 

In one advantageous embodiment, the method is used to determine the oxygen saturation of blood, and the 
medium under test comprises a portion of the human body having flowing blood. In this embodiment, the method 
further involves coupling the source of energy to a second light emitting diode which operates at a third wavelength 
distinct from the first and the second wavelengths. Further, the change in wavelength between the first and second 
wavelengths has a preselected value. Third fight energy is transmitted at the third wavelength through the medium 
under test, and the third light energy is measured after propagation through the medium under test. Based upon the 
measurements, the oxygen saturation of the blood is determined. 

In one embodiment, parameters in addition to oxygen saturation may also be determined relating to the 
medium under test when the first wavelength has a known value, and the change in wavelength between the first 
and the second wavelengths has a preselected value. In this embodiment, value of the second wavelength is 
determined, and another parameter is calculated relating to the blood. In one embodiment, the another parameter 
is the saturation of carboxyhemoglobin. Alternatively, another parameter is scattering. Yet another parameter is 
Methhemoglobin. 

Advantageously, using the apparatus described above for tuning, the first light emitting diode is adjusted 
with an adjusting resistor such that the change in wavelength for an incremental change in current matches a 
preselected wavelength change. Preferably, adjusting involves placing the adjusting resistor in parallel with the first 
light emitting diode, and selecting the value of the adjusting resistor to cause the first light emitting diode to exhibit 
the preselected change for the incremental change in current 

Yet a further aspect of the present invention provides an oximeter sensor having a first light emitting device 
configured to generate a Bght at a first known wavelength with a resistor in parallel with the first Oght emitting 
device. Preferably, the light emitting device comprises a Bght emitting diode. In one embodiment, the resistor 
comprises an encoding resistor having a value indicative of the first known wavelength value. The value of the 
encoding resistor is sufficiently high such that the encoding resistor draws effectively insignificant current during 
active operation of the first Bght emitting device. 
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In anotherembodiment, the resistor comprises a security resistor having a value indicative that the oximeter 
sensor is o( a predetermined type. .„ addrtion, the va,e o, the security resistor is sufficiency high such that the 
secunty resistor draws effectivefy instant current during active operation of the first Oght emitting device 

Still a further aspect of the present invention involves a method of tuning a light emitting di „de to operate 

ex H» a wavelength shut in response to a change in drive current whhin a range of drive current and driving the 
flht ending diode with a first drive current. The waveiength of the light emitting diode during operation at the 
fat dnve current is measured, and. | the light emitting diode is not operating at the presented wavelength the 
dnve current is adjusted [within the range of drive current to a second drive current such that the light emitt^g diode 
operates at the preselected wavelength. 

A„.ta 0 , „,, m mMim ^ , sensoi ^ ^ ^ ^ 

l» S « to « m ^ ^ , he m ^ ^ ^ m m . sto ^ t ^ 

„ a *„, The «, to , M secind (toBdMBtKi fc ^ - ^ 
U, „,«, * ^ „ „ „„, A w ^ ^ . 

encompass the centroid transmission wavelength. 

In one embodiment, the sensor comprises an oximeter sensor, and the at least one light emitting element 
compos first and second light emitting diode, Advantageous*, the first fcht emitung diode has a centroid 
wave.ength in the red range and the second light emitting diode has a centroid wavelength in the infrared range 
Advantageous the fOter has a transition band which encompasses the centroid wavelength of the first light emitting 
diode. 

In one advantageous embodiment, the light directing member comprises an integrating optical sphere having 
the fust and second photodetectors positioned about the sphere so as to recefce substantially equivalent portions 
of fight from the at least one light emitting element. 



t directing member comprises a beam splitting member positioned to substantially 
equafiydivfc fight from the .t bast on, fight emitting member and ,o direct suhstantialiy equal portions of the ^h, 
to the first and the second photodetectors. 

Still another aspect of the present invention involves a method of determining the centroid wavelength of 
a hght emitting element The method involves providing a set of a plurality of predetermined ratios, each of the 
Plurality of predetermined ratios corresponding to an assorted centroid wavelength. Light is transmitted from the 
9 t emitting element to a first fight detecting element to obtain a first intensity, and fight is transmitted from the 
Oght emittmg element through a filter which attenuates the fight to a second fight detecting element to obtam a 
second intensity. A ratio of the second intensity to the first intensity is then ca.cu.ated. The ratio is compared to 
the set of predetermined ratios to reference the centroid wavelength of the fight emitting element 

In one embodtaent. the first and second fight detecting e.ements comprise the same fight detecting element 
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Brief Description of the Drawings 
FIGURE 1 represents a calibrated prior art oximeter probe; 

FIGURE 2 depicts a representational graph illustrating the relationship between the extinction coefficients 
of three constituents of blood with respect to the transmission wavelength of light transmitted through the blood; 
5 FIGURES 3A and 3B depict exemplary LED characteristics; 

FIGURE 4A depicts a representation of a tuned oximeter sensor according to one aspect of the present 

invention; 

FIGURE 4B depicts an oximeter system with a digit for monitoring; 

FIGURES 5A and 5B depict a representational diagram of one embodiment of a resistor for use in 
10 accordance with the present invention; 

FIGURE 6 depicts the averaging effect in the wavelength of two simultaneously aptive LEDs with close 
transmission wavelengths; 

FIGURE 7 depicts an embodiment of an oximeter sensor according to another aspect of the present 
invention; and 

15 FIGURES 8 and 8A depict exemplary embodiments of improved calibrated oximeter sensors; 

FIGURE 9A and 9B depict alternative embodiments sensors in accordance with of one aspect of the present 
invention relating to detecting the wavelength of light emitting diodes; 

FIGURES 10A r 10B, IOC, and 10D depict graphs relating to the wavelength detection aspect of the present 
invention; and 

20 FIGURES 11 and 1 1 A depict graphs of filter response curves for various filters in accordance with the 

wavelength detection aspect of the present invention. 

FIGURES 12*15 depict four different probe configurations for use with the present invention. 

Detailed Description of the Preferred Embodiment 
The present invention has applicability to the use of medical probes and LEDs in general However, an 
25 understanding is facilitated with the following description of the application of the principles of the present invention 
to oximetry. 

The advantages of noninvasive techniques tn monitoring the arterial oxygen (or other constituents) saturation 
of a patient are well-known. In oximetry, Gght of a known wavelength is transmitted through a medium (e.g., a 
human digit such as a finger) under test. The light energy is partially absorbed and scattered by the constituents 
30 that make up the medium as the fight propagates through the medium. The absorption and scattering of the light 
energy by any given constituent depends upon the wavelength of the Dght passing through the constituent, as well 
as several other parameters. The absorption by a constituent is characterized with what is known as the extinction 
coefficient 

FIGURE 2 represents an exemplary graph 100 of the relationship between the extinction coefficient of three 
35 possible constituents of blood with respect to the wavelength of Gght. Specifically, a first curve 102 illustrates the 
relationship between the extinction coefficient of oxyhemoglobin (oxygenated hemoglobin) with respect to the 
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transmission wavelength; a second curve 104 illustrates the relationship between the extinction coefficient of reduced 
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saturation using conventional oximetry techniques. 

It should be understood that the above equation is simplified for discussion purposes. Other factors such 
as multiple scattering also contribute to the resu.ti„ B attenuation o, the light energy. Multiple scattering is discussed 
... Paper by Joseph M. Schmrtt entitled, "Shnple Photon Diffusion Analysis of the Effects of Multiple Scattering 
on Pulse Oximetry." IEEE Transactions nn Biomedi™. fafeeering vol 38, no. 12, Dec. 1991. 

However, for further discussion purposes, the sfcnpBfied equation (1) «' be utfed In procedures based 
on oxunetry technotogy, the accuracy of the physiological measurement is impacted by the accuracy of the 

wavelength of the transmission LEDs because, as depicted in FIRIIRP ? thn « *• «• . . 

du iCf uepicieo in NGURE 2, the extinction coefficient is dependent upon 

the wavelength of 

the transmission LED. In order to obtain oxygen saturation, two LED, one in the red wavelength range and one in 
the mfrared wavefength rang, are typica.hr utifeed b, order to obtain the saturation measurement for a patient 
Further, as set forth in Equation (11 the extinction coefficient is a critical variable in the equation. Accorded it 
■ -nportant that the oximeter be provided with U ormation as to the specific wavelength of the transmission LEDs 
orthesensor. However, the wavelength of different LEDs, although manufactured for a specified wavelength, varies 
for the same drive current from LED to LED due to manufacturing tolerances. 
Wavelennth Tmipi. LED, 

res, * p*™* w«. Nte una d. m si.nta.a, ^ „ BB «. „ ^ „ 
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by utilizing the wavelength shift exhibited in many LEDs in response to a change in drive current. FIGURES 3A and 
3B illustrate this wavelength shift principle in two graphs. The graph 110 of FIGURE 3A depicts (with a curve 112) 
current in the vertical axis versus voltage in the horizontal axis for a typical LED. The graph 1 10 of FIGURE 3A is 
well-understood in the art. In the area referenced between the axis indicated A and B, just beyond the shoulder of 
the curve 112, the wavelength of certain LEDs shifts in a substantially linear fashion in response to a corresponding 
change in drive current or voltage. The amount of wavelength shift per incremental change in drive current typically 
differs for each LED (designed for the same wavelength), just as the operating wavelength for LEDs (designed for 
a specific wavelength) varies for the same drive current from LED to LED. 

FIGURE 3B depicts an exemplary graph 120 of the wavelength of an LED in response to the drive current 
in the area of the shoulder depicted in FIGURE 3A. This graph 

depicts in a curve 122 an exemplary wavelength shift for an LED in the red range in response to drive current 
changes. The slope of the curve 122 depicted in FIGURE 3B varies from LED to LED, as does the wavelength range. 
However, for conventional LEDs used in blood oximetry, an incremental shift in drive current through the LEDs causes 
some incremental shift in the wavelength. Because this relationship is substantially linear in the area just beyond 
the shoulder of the curve 112 depicted in FIGURE 3A, in one preferred embodiment, the shift is obtained in the area 
beyond the shoulder. The graph of FIGURE 3B is not meant to represent all LEDs,. but merely to represent one 
possible wavelength shift corresponding to a particular change in drive current. 

Accordingly, one way to obtain a selected wavelength is to drive the LEDs with the current necessary to 
obtain the wavelength. However, such embodiment would require an oximeter design which varies the LED drive 
current for each sensor. 

In one advantageous embodiment, in order to avoid the added complexity of oximeter system design, a 
resistor is placed in parallel with an LED in order to adjust the drive current through the LED to a level which will 
result in a selected wavelength. In such embodiment, the oximeter system is designed to operate at the selected 
wavelength for each LED in the sensor. And, the oximeter need only provide a fixed drive current. Accordingly, in 
one embodiment, the design of the oximeter is simpler in that it need not take into account variations of wavelength 
from sensor to sensor. The oximeter can simply be designed to operate at the selected wavelengths and have a 
fixed drive current. 

Each LED sensor manufactured for the oximeter is tuned, using the wavelength shift, such that the LEDs 
in the sensor generate light at the selected wavelengths for the oximeter. FIGURE 4 depicts one embodiment of a 
tuned sensor 150, connected to an exemplary oximeter system 152, according to the LED tuning aspect of the 
present invention. 

The sensor 150 is illustrated with a first light source 160 and a second Gght source 170, typically LEDs. 
A first tuning resistor 162 connected in parallel with the first LED 160 forms a first tuned LED network 164. 
Similarly, a second tuning resistor 172 is connected in parallel with the second LED 170 to form a second tuned 
LED network 174. The sensor 150 further comprises a photodetector 180. A power source in the oximeter system, 
such as an LED driver 182, is coupled to the tuned LED networks 164, 174 in order to provide. a predetermined drive 
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current at the input of the tuned LED networks 164. ,74. Advantageously, the LED driver ,82 provides current to 
on* one o, the tuned LED networks ,64. 174 at any given tun, The photodetector ,80 is coupted to receding 
and conditioning circuitry ,84 b, the oximeter system ,52. ,n operation, the photodetector receives the attenuated 
Oght energy and responds with an output signal representing the intensity o, the alternative light energy The 
=■ exuneter system ,52 further comprises a controOer ,90 with supporting resources and a display 19Z The oximeter 
system receives the signals obtained from the sensor , 50 and analyzes the signals to determine information regarding 
the med,um through which the Dght energy has heen transmuted. It should be understood that the oximeter system 
« depicted in simpfified form for discussion purpose, Oximeter systen* are well known in the art. One possible 
oxeneter system comprises the oximeter system disclosed in International Publication No. WO 96/12435 published 
10 on 2 May ,996. Other oximeter systems are well known and can be designed to operate at the selected 
wavelengths. 

As depicted in FIGURE 4B, for oximetry, a typical medium may include a finger 200 or an earlob, as well- 
known in the art. Media such as the fmger and earlobe typical* comprise a number of constituents such as skin 
fssu, muscle, arterial blood and venous blood (having several constituents each,, and fat. Each constituent absorbs' 
and scatters fight energy of a particular wavelength differently due to different extinction coefficient, In general 
operation, the first LED ,62 emits incident fight in response to the drive current from the LED driver ,82 The light 
propagates through the medium under test. As the transmitted fight propagates through the medium, it is partially 
absorbed by the medium. The attenuated fight emerging from the medium is received by the photodetector ,80 
The photodetector ,80 produces an electrical signal indicative of the intensity of the attenuated light energy incident 
on the photodetector ,80. This signal is provided to the oxfineter system ,52. which analyzes the signal to 
detenmne the characteristics of a selected constituent o, the medium through which the light energy has passed. 

The tuning is now explained with reference to the first LED ,60. The tuning is also applicable to the 
second LED ,71 As explained above, in response to a particular drive current, different LEDs respond with different 
wavelength, even though the LEDs were manufactured to generate the same wavelength. Tuning the first LED ,60 
m accordance with the present invention involves determining the amount of current required to operate the first LED 
160 at the selected wavelength and adjusting the current through the first LED ,60 in order to obtain the selected 
wavelength. 

For instance, typical operational values for red LEDs used in oximetry range between 645 nm and 670 nm. 
For a particular embodiment of an oximeter, the oximeter may be designed to operate with a selected wavelength 
wrthm that rang, for example. 670 nm. However, the LEDs manufactured to produce the selected wavelength of 
670 nm involve manufacturing tolerances typically in the range of ± 2-,0 nm for the same drive current. However 
for a typical LED used in oximetry, the drive current can be varied in order to obtain the desired output wavelength 
fer the LED. For toance, as illustrated in FIGURE 38, the represented LED has an operating wavelength of 660 
nm for the typical 50 mA drive current If the drive current is mcreased to approximately 85 mA. the operating 
wavelength becomes the selected wavetength of the present example (670 nm). The present invention takes 
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advantage of the observed wavelength shift in response to a drive current change to tune each LED to obtain the 
selected wavelength, such as 670 nm. 

For purposes of discussion, the first LEO 160 is defined to exhibit the wavelength characteristic depicted 
in FIGURE 3B. To tune the first LED 160, the drive current from the LED driver 182 is assumed to be preset or 
fixed. In the present embodiment, the drive current is preferably somewhat larger than the drive current necessary 
to drive the first LED 160 alone (e.g„ 100 mA or more). This is because the first tuning resistor 162 carries some 
of the fixed drive current from the LED driver 182. The first tuning resistor 162 is selected to draw an appropriate 
amount of the fixed drive current to adjust the amount of current flowing through the first LED 160 to result in the 
selected output wavelength. In the present example, the resistor is chosen to carry approximately 15 mA (of the 
100 mA from the LED driver 182} in order to reduce the current through the first LED 160 to approximately 85 mA 
to obtain the 670 nm selected wavelength. Accordingly, each LED can be driven with the same fixed drive current 
from the LED driver 182, yet the current through any particular LEO differs in accordance with the value of the 
associated tuning resistor. In this manner, the LED driver 182 can be designed to provide the same fixed drive 
current for every sensor connected to the oximeter. The oximeter system 152 is thus designed to make its calculation 
based on the assumption that the corresponding wavelengths remain constant from sensor to sensor. 

One particular advantageous method of selecting the tuning resistor involves the use of a semiconductor 
substrate resistor, such as the resistor 210 depicted in FIGURE 5A and 5B. The resistor 210 depicted in FIGURE 
5A comprises a semiconductor substrate 212, a resistive coating pad 214, and connective conductors 216, 218. 
In one embodiment a tunable LED 220 (i.e., an LED that exhibits wavelength shift with drive current change) is 
connected in parallel with the semiconductor substrate resistor 210. The fixed (preset) drive current is then applied 
with a current source 222 to the network formed by the substrate resistor 210 and the tunable LED 220. The 
operating wavelength of the tunable LED 220 is measured. Preferably, the initial substrate resistor has less 
resistance than will be necessary to obtain the desired output wavelength. A laser is used to scribe the resistive 
pad 214, as depicted by the line 224 in FIGURE 5B. The scribe line 224 effectively removes a portion of the 
resistive pad 214, and thereby increases the resistance of the remaining resistive pad 214, as weD known in the 
. art. Using the laser, the increase in resistance can be controlled very precisely. The resistive pad 214 can be laser 
trimmed until the current through the tunable LED 220 causes the tunable LED 220 to generate the selected 
operating wavelength. The resulting resistor/LED pair forms a tuned LED network. This tuning method is 
advantageous because of the precision and the resulting low-cost of the tuned LED. 

Other methods of selecting the first tuning resistor 162, such as calculating the wavelength shift for a given 
current change for the first LED 160, and then selecting the appropriate resistor to cause the correct amount of 
current to flow through the LED to obtain the selected operating wavelength, can also be used. Similarly, a 
potentiometer could be used. Preferably, each LED for each sensor is tuned in a simflar manner such that the 
operating wavelength is a selected operating wavelength for the sensor. For instance, a two wavelength oximeter 
operating may have selected wavelengths for the two LEDs of 670 nm and 905 nm. For each.sensor, a first LED 
is tuned for the 670 nm selected wavelength, and a second LED is tuned for the 905 nm selected wavelength. 
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ln sum, the tuning aspect ef the present invention fimdves usfog the principle ef wavelength shift in an LED 
to tune each LED to obtain a respective selected operating wavelength. 

seated wavelength to enable the use o, the shift m wavelength to properly tune the LED; or the wavelength shift 
may be lnsufficient t0 obtain the se|ectfid fc ^ ^ ^ ^ ^ ^ ^ 

would be considered out of tolerance. Alternate, | the obtainable wavelength shift « not sufficient to allow for 
Proper tunbg. it is also possible to use two LEDs havmg wavelengths very near each other and near the selected 
wavelength. One LED has a wavefimgth below the selected wave.ength. and one LED has a wavelength above the 
selected wavelength. graph of FIGURE 6 illustrates, when two LEDs are both active and placed adjacent one 
another, the fight front the two LEDs combines to fern, a combined wavelength which is the average wavelength of 
the two LED, The combined wavelength has a broader wavelength range, but has a known average. Preferably 
to fine tune the average wave.eng,h. the wavelength shift of one or both of the two LEDs can be utilized using 
tun«g resktors as described above such that the avaage wavelength fc the seated wavelength. According*, two 
LEDs (Preferabfy tuned in accordance with the present invention as a pair, can be used to obtain the selected 
wavelength for operation in a given oximeter. 

As another alternative, if sufficient wavelength shift is not avaflable to afiow for tuning al, LEDs to the 
selected wavelengths, a few selected wavelengths cou.d be used. For instance, for determining oxygen saturation 
the selected red wavelengths cou.d be 660 nm. 670 nm and 680 m. The selected infrared wavelengths could be 
900 ,m, 920 nm. and 940 nm, independent of the red wavelengths. Each sensor would be tuned using the tuning 
resistors described above such that the red and Mrared LEDs operate a. one of the selected red and infrared 
wavelengths, respectively. An indicator would then be provided on the sensor, or the connector attached to the 
sensor, to allow the oximeter to determine which of the selected wavelengths is present on the sensor attached to 
the oxonete, Alternatively, a wavelength detection device cou.d be provided with the oximeter system to determine 
wh,ch of the selected wavelengths is present in a sensor attached to the oxta.eter system. Although this 
embodiment requires some means for the oximeter to determine which of the selected „ave.engths is present on the 
attached sensor, the selected wavelengths are precise from sensor to sensor. 
Two Waveleng th LED 

Another aspect of the present invention mvohres using the principle of wavelength shift in an LED for a 
gnnrn change in current in order to use a single LED to provide two operating wavelengths. This is advantageous 
.n makmg physiological measurement, such as blood oximetry measurement, because for each additional wavelength 
added, the saturation of an additional constituent in the blood can be measured. For instance with a two- 
wavelength oximeter, only the ratio of one of two constituents to the total of the two constituents (e g oxygen 
saturate can be accurately momtored. If oxygen saturation is monitored with two wavelength, other constituents 
wh.ch are significantly present in the blood affect the measurement of oxygen saturation. 

If an additional constituent present in the blood has a signfeant effect upon the oxygen saturation readng 
for a particular patient, the faflure to detect the constituent can be detriment, to the patienL An example of a 
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constituent which, when present in the blood, will significantly impact the oxygen saturation reading provided by a 
two-wavelength oximeter is carbon monoxide. This is because the extinction coefficient magnitude for 
carboxyhemoglobin (depicted in the curve 10B of Figure 2) approaches the extinction coefficient of oxyhemoglobin 
(depicted in the curve 102 of FIGURE 2) for light energy in the range of 660 nm. Therefore, carboxyhemoglobin may 
be detected as oxyhemoglobin. This leads to a false indication of the oxygen saturation (i.e., overestimation) in the 
blood using a two-wavelength oximeter. In this manner, the attending physician may fail to detect the lack of 
oxygen, and the increase of carbon monoxide in a patient. If an additional transmission wavelength is provided on 
the sensor, the oximeter can monitor another constituent, such as carboxyhemoglobin. 

In accordance with the present invention, the principle of wavelength shift in an LED is utilized in order to 
drive one LED with two appropriate drive current levels to provide two distinct wavelengths. In its simplest form, 
this is accomplished by first driving an LED (which exhibits wavelength shift with drive current change) with a first 
known drive current to a first known wavelength, and then driving the same LED with a second known current to 
a second known wavelength. 

FIGURE 7 depicts one advantageous embodiment of a sensor 250 for blood oximetry measurements coupled 
to an oximeter system 252 designed in accordance with this aspect of the present invention. The sensor 250 
comprises a first LED 254 and a second LED 256. For blood oximetry the first LED 254 preferably operates in the 
red wavelength range and the second LED 256 preferably operates in the infrared wavelength range. The sensor 
250 further comprises a photodetector 258. The photodetector 258 is coupled to receiving and conditioning circuitry 
262. The oximeter system is under the control of a controller 264 and has a display 266. As well-understood in 
the art, an LED driver 260 sequentially drives the LEDs 254, 256 with a predetermined drive current. The 
photodetector 258 detects the light energy, attenuated by the medium under test. The oximeter 252 receives and 
analyzes the signal from the photodetector 258 to determine information regarding the medium through which the 
light energy has been transmitted. As with the embodiment of FIGURE 4, the oximeter system 252 is depicted in 
simplified form. Appropriate oximeter systems include the system disclosed in International Publication No. WO 
96/12435, published on May 2, 1996. Other monitors wefl understood in the art also exist. The oximeter system 
252 is modified in accordance with the present invention to drive the shifting LED as described below. 

In the present example for blood oximetry, the first LED 254 is the shifting LED and is used to provide two 
wavelengths. In order to accurately provide two wavelengths, the wavelength shift principle is utilized. According 
to one embodiment, LEDs are evaluated at the time a sensor is manufactured, and an indicator is provided on the 
sensor which can be read by the oximeter system 252 to indicate the drive current change necessary in order to 
effectuate a desired shift in wavelength. Indicators may comprise a resistor on the sensor or sensor connector, a 
memory on the sensor or sensor connector, or a similar device. Alternatively, the indicator can provide a indication 
to the oximeter of the amount of wavelength shift which is obtained due to a preset drive current change. Another 
alternative is to provide a wavelength detector 268 for the oximeter, which aflows the oximeter system 252 to 
detect the transmission wavelength of an active LED. Wavelength detectors, such as a monochrometer, are wefl 
known in the art However, conventional monochrometers are expensive and bulky. This description sets forth a 
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sensor to sensor. 

Just as the first tuning resistor 162 tU „es the first LED 160 to a particular selected wavelength for a 
se.ected drive current, a s.ope adjusting resistor, such as the slope adjusting resistor 272. can be used to alter the 
slope of the curve 122 exhibited for the particular corresponding LED network ,e,., the firs, slope adjusted LED 
network 270). In most instances, the slope adjusting resistor 272. if used to alter the slope, cannot also be used 
to tune the precise wavetength of the first LED 254. However, other methods and procedures to indicate to the 
ox,meter what the particular wavelength of operation of the first LED for a given drive current can be utilized For 
•nstance. an indicator (such as a resistor or tow cost memory device) can be provided with the sensor 250 which 
can be read by the extorter 252. which indicator provides the initial operating wavelength of the slope adjusted LED 
network 270. 

Slope adjustment can be accompfehed in the same manner as described above with respect to the 
sem,conductorsubstrateresi S tor210. Hm*.,*.^^^,^^,^^^ 
than a wavelength tuning resbtor (La, the substrate resistor is adjusted to cause a preselected change in wavelength 
for a preselected change in drhre current for the LEDIresistor network,. |„ other words, for the first LED 254 the 
substrate resistor 210 depicted to FIGURE 5A and 58 is coupled to the first LED 254 to form the stope adjusttog 
res,stor 272. A laser is used to trim the resistor unfd the presetocted change to drive current for the network 270 
results m the preselected change in wavelength for the first LED 254. 

It should be noted that if LEDs are available that exhibit the same wavelength shut wnh respect to the 
same change in drive current the first slope adjusttog resistor 272 is unnecessary. 

For determintog oxygen saturation, the second LED 256 operates at a fixed infrared wavelength (e g 905 
nm). Preferably, if the tofrared LEDs exhibit manufacturing tolerances, the infrared LEDs can be tuned using a tuning 
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resistor 274, in the same manner as the tuning resistor 162 of FIGURE 4, to operate at the selected infrared 
wavelength. With a tuned second (infrared) LED 256 and a slope adjusted first LED 254 (configured to provide two 
wavelengths), measurements at three wavelengths can be taken using the sensor 250. 

In use, the sensor 250 of FIGURE 7 is first driven with an initial drive current to cause the first LED 254 
to generate light energy of a first wavelength (e.g., 660 nm). The attenuated signal at this first wavelength is 
detected by the photodetector 258 and received by the oximeter 252. Next, the first slope adjusted LED 254 is 
driven with a new drive current varied by the preselected change in drive current to cause the preselected 
wavelength shift to obtain a second wavelength (e.g., 675). As long as the initial wavelength is provided to the 
oximeter system 252, and the slope (change in wavelength due to change in current) of the first LED network 270 
is properly adjusted to match the preselected slope, the second wavelength will also be a known quantity. A third 
measurement is taken by driving the second LED 256 and receiving the attenuated signal with the photodetector 258. 
Measurements are stored in the oximeter system 252. Based upon the three measurements taken, the arterial 
saturation of two constituents of blood may be determined (e.g., oxyhemoglobin and carboxyhemoglobin), thus 
providing more precise information regarding the physiological makeup of the blood of a patient under test. 

In an oximeter system where monitoring of carbon monoxide and oxygen is desired, the first wavelength 
may be 660 nm, the second wavelength may be 675 nm or 680 nm and the third wavelength will be an infrared 
wavelength such as 900 nm or 905 nm. With these three wavelengths provided by two LEDs, the saturation of both 
oxyhemoglobin and carboxyhemoglobin in blood can be determined. The use of two LEDs to perform measurements 
at three wavelengths reduces the cost of the sensor, which is particularly advantageous if the sensor is a disposable 
or replaceable sensor. 

In addition to the uses described above, it should also be noted that the wavelength shift principal described 
above could be used to obtain an additional wavelength with one LED. 
Measurements Without Precise Wavelength Information 

A further aspect of the present invention involves an apparatus and method of measuring the saturation 
of a selected constituent in a medium under test (e.g., oxyhemoglobin in blood) without knowing the precise 
operational wavelength of one LED. According to this aspect of the present invention, if the wavelength shift for 
an LED is known for a known change in drive current, the operational wavelength for the LED need not be known 
if other information is also available, as further explained below. 

As explained above, obtaining a known wavelength shift for a selected change in current can be 
accomplished by adjusting presently existing LEDs, such that the LEDs react to a preselected change in drive current 
(Al) with a preselected change in wavelength (A>t). Alternatively, if LEDs are available having a repeatabte (from 
LED to LED) change in wavelength for a selected change in current, those LEDs can be used without adjustment. 
An understanding of this aspect of the present invention is explained with reference to arterial oxygen saturation 
determination using two-wavelength oximeters. 

As explained above, FIGURE 2 depicts a graph illustrating the relationship between the typical extinction 
coefficient for three constituents of blood with respect to the transmission wavelength of light transmitted through 
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the blood. For purposes of determining oxygen saturation, the first curve 102 and second curve 104 are of interest. 

As illustrated by the first curve 102, the extinction coefficient of oxyhemoglobu, for light transmitted 
between approximate.,, 665 nm (indicated as A, on the graph, and 690 nm (indicated as <, on the graph) is 
substantially constant (more apparent when the Y-axis of FIGURE 2 is not a log scale axis). When Oght within that 
same range (Le., M j is transmitted through reduced hemoglobin (the second curve 104). the extinction coefficient 
of the reduced hemoglobin exhibits a substantially linear relationship as a function of transmission wavelength These 
known properties of blood constituents are utifized in the apparatus and method of the present invention to obtain 
.formation regarding the oxygen saturation (or other constituent saturation) of the blood without knowing the 
particular wavelength of one of two LEDs. 

Assuming that incident fight is represented by the tetter I. and the attenuated signal is represented by I 
the attenuated signal is represented by Equation (1, above. In other word, for the LED sensor 250 of FIGURE 7 
the attenuated spa. I is received by the photodetector 258 and is a function of the ambient transmission, as sat 
forth in Equation (1). 

Where fight of wavelength^ is transmitted through tissue wKh blood containing two forms of hemoglobin 
(oxyhemoglobin and reduced hemoglobin), Equation (1) can be expanded for these two constituents of blood: 



- t dpi 



where: 

d is the thickness of the medium. 

e u is the absorption coefficient of reduced hemoglobin at wavelength A, 
e u is the absorption coefficient of oxyhemoglobin at wavelengthvl, 
is the concentration of reduced hemoglobin, 
is the concentration of oxyhemoglobin, 

is the absorption coefficient of the f layer of attenuating material (not including oxyhemoglobin 
and reduced hemoglobin), 

dj is the thickness of the ? layer of attenuation material (not includmg oxyhemoglobin and reduced 
hemoglobin), and 

c, is the concentration of the f layer of attenuating material (not including oxyhemoglobin and 

reduced hemoglobin). 
Equation (2) can be further expressed as follows: 
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S = In 



13) 



where: 



Ibl = 



l 0 (e M ) 



= baseline 



s is a value obtained by measuring I with the photodetectorand calculating the ratio of I to l a after 
taking the natural log. 

For determining oxygen saturation, where the light is transmitted at a first red wavelength A x , Equation (3) 
is expressed as follows: 



S, = In 



(4) 



10 



Where Gght is transmitted at an infrared wavelength A w Equation (3) is expressed as follows: 



S m = In 



I) 



(5) 



When the wavelength^ and the wavelength A m are both known, the oxygen saturation can be determined, 
as well-understood in the art. This is briefly illustrated with the following derivation: 



LET 



M J?L and N2= 
1 d d 



(6) 



15 



Equations (4) and (5) became: 
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(8) 



In matrix notation. Equations (7) and (8) become: 



A= 



( ^ e n, y 

'2X IR e 1k IR j 



A • X=B 



m) 



( ~ \ 



(91 



Or 



Hence. 



(10) 



10 



As well understood in the art, oxygen saturation is defined as the following ratio: 
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oxygen. SAT= — — =* — _=_± — 1 
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Substituting: N^=— and A/ 2 =-^ 



and multiplying the numerator and denominator by -1: 



and Simplifying: 



= 8 



d d 



2x< 



-E 



St 



U 



+ E 



U 



1 c/J 
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Multiplying numerator and denominator by d: 



9l = e (S.-^ 

c 2 N=^*^w 



5 Substituting Equation (12) into Equation (1 1) above: 



10 



15 



20 



Simplifying: -L - (e2x - Sl " g ^ S 2" e n, a s i ^u.gg) 



AND FINALLY: 



e n 
the 



wavelength X, and the 4 are both known, the extinction coefficients. s u , e „ and ^ , for the 
correspond^ constituents at * and J B are also know, As explained above.' S, aid sjcan be obtained by 
measuring I and I, and taking the natural log of this ratio at the various wavelengths during operation. Accordingly, 
all of the variables in the saturation equation are known or obtainable through measurement. 

However, if the wavelengths for the transmisston LEDs are not specifically known, the extinction 
coefficients c will not be know, In accordance with one aspect of the present invention, the oxygen saturation 
can be computed without knowing the precise wavelength of one of the LEDs. For purposes of discussion herein 
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the LED in the red range is chosen for illustration of this aspect of the present invention. In accordance with the 
present invention, and as explained above, the red LED can be adjusted to exhibit a preselected wavelength shift, 
even though the precise wavelength may not be known. Accordingly, the red LED can be driven with two different 
drive currents to obtain two different wavelengths, the shift between which is preselected and known. However, 
as explained above, the precise wavelength may be unknown without some indication of at least the starting 
wavelength. In accordance with the present invention, as long as the preselected wavelength shift is known, the 
starting wavelength need not be known. 

In an application where the extinction coefficients vary with respect to shifts in wavelength on the order 
of 1 - 3 nm, it would be possible to determine the wavelength without prior information regarding the wavelength 
or the wavelength shift. This would be accomplished by calculating the desired measurement (e.g., oxygen saturation) 
at several (e.g., two or more) different LED drive currents and using the change in the measurement in connection 
with an empirically generated data set (i.e., curves) of measurements with respect to wavelengths to determine the 
wavelength of the LED. 

If the preselected wavelength shift is utilized, the oximeter system can make measurements at three 
wavelengths A v A 2 and A& Thus, a third equation in addition to Equations (3) and (4) is obtained. 

Where the light is transmitted at a second red wavelength A 2 , Equation (3) is expressed as follows: 



As depicted in FIGURE 2, within the range of 650 nm • 700 nm, the extinction coefficient does not 
significantly change. More particularly, within the range of A x • A 2 - 665 mm • 690 mm, 




E 2X 2 ~ 8 2X 1 



(15) 



Furthermore within the same range, 



e n 2 = Ohx, " Ae i) 
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coefficient Ae, is substantially linear. 

Substituting Equations ,14, and ,15, into Equation ,4), ,5,. and ,14, resuhs in the foHowing equations: 



5 1 = ~ d (hxfi +8^) 



(17, 



,19, 



As explained above. S„ S 2 , and S„ are calculated by measuring I and i. Accordingly, S„ S, and K are 
known values. The extinction coefficients e, and e 2 for the infrared wavelength LED are assumed to be known 
becausa in the infrared wave.ength of interest ,e.g.. 850 m . 920 nm, and more particolarfy 890 nm - 910 n m ) 
.he exaction coefficient is substantia constant for both curves 102 and 104. In another embodiment, the 
accuracy wou.d be improved sOghtly by tuning the LED. The extinction coefficients for oxyhemoglobin at A, and A, 
are also known, as long as the wavelength « in the range where the extinction coefficient remains constant. In the 
present example, this range h defined as 665 nm to 690 nm. Furthermore, because the change in the absorption 
coefficent <A e ,, for reduced hemoglobin is known for a known wavelength shift between V 4, - 665 nm - 690 
nm, A*, . ako a known quantity because e, is Hnear with A. The total thickness of the medium, d, genera!* is 
unknown for most application, However, for the determination of oxygen saturation, as illustrated above, the 
thickness (d) cancels because saturation is a ratio. 

Accordingly, for the determination of oxygen saturation, Equations ,17,, (181, and ,19, provide three 
equations wth three unknowns (e U| , c, and c 2 ,. Algebraic techniques foHowing those of Equations ,6, to ,13, may 
be appfcd to solve the three equations to obtain the oxygen saturation ratio of c^c,,. Accordingly, i, is « 
necessary to know the precise operating wavelength of the first LEO 254. as long as the operating wavelength for 
the fust LED 254 is in a known range where a preselected change in drive current causes a presented change in 
the wavetength. and where the extinction coefficient of one constituent is constant and the extinction coeffickmt 
uf the second constituent b substantia^ finear such that the change in the extinction coefficient for a preselected 
change in wavelength is also known. 

Accordingly, this aspect of the present mvention permits the user to obtain physiological data wnhou. 
knowing the precise operational frequency of an LED. 
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Improved Calibration of LED Sensor 

An additional aspect of the present invention involves an improved calibration technique for an oximeter 
sensor where a resistor is utilized to code the LED rather than tune the LED. As depicted in the prior art calibrated 
5 oximeter probe of FIGURE 1, an encoding resistor 300 utilizes a separate electrical connection lead and connects to 
a common ground lead 304. With the ever increasing use of replaceable or disposable sensors, any reduction in the 
complexity of the replaceable sensor can result in a significant cost savings over time. In accordance with present 
invention, the characteristics of an LED as depicted in FIGURE 3A can be utilized to provide a more cost effective 
coded or calibrated oximeter probe where the coding or calibration is provided using a coding resistor. 

10 In accordance with this aspect of the present invention, one of the LED electrical connections can also be 

used for the coding resistor. FIGURE 8 depicts a schematic diagram of an exemplary oximeter sensor where a coding 
resistor 332 can be read using one of the LED electrical connections rather than a separate electrical connection. 
A sensor 310 comprises a first LED 312, a second LED 314 and a photodetector 316. The first LED 312 has a 
first corresponding electrical connection 318; the second LED 314 has a second corresponding electrical connection 

15 320; and the photodetector 316 has a corresponding electrical connection 322. Each of the LEDs 312, 314 and 
the photodetector 316 are connected at their outputs to a common ground electrical connection 330. In the present 
embodiment, the coding resistor 332 is coupled in parallel with the first LED 312 or the second LED 314. In this 
embodiment, the coding resistor 332 is not provided to tune the first LED 312 or to slope adjust the first LED 
network, but is provided as an indicator which can be read by an attached oximeter system 340. The resistor can 

20 be used to indicate the operating wavelength of the first and second LEDs 312, 314, or more advantageously, to 
indicate the type of probe. In other words, the value of the coding resistor 332 can be selected to indicate that 
the probe is an adult probe, a pediatric probe, a neonatal probe, a disposable probe or a reusable probe. In one 
preferred embodiment, coding resistors could be provided across each of the LEDs 312, 314 to allow additional 
information about the probe to be coded without added leads. However, any resistor or impedance device could be 

25 used without it being used in parallel with the LEDs to encode the change in wavelength or other information for 
thelEDs. 

For instance, the coding resistor could be utilized for security purposes. In other words, the value of the 
coding resistor, and the placement across the LED 312 could be used to ensure that the probe is configured properly 
for the oximeter. For instance, the coding resistor could be utized to indicate that the probe is from an authorized 
30 supplier such as a "Masimo" standard probe, "Patient Monitoring Company 1" probe, "Patient Monitoring Company 
2" probe, etc. 

In addition, it should be noted that the resistor need not be a passive element. Coding information could 
also be provided through an active circuit such as a transistor network, memory chip, or other identification device, 
for instance Dallas Semiconductor DS 1990 or DS 2401 or other automatic identification chip. 
35 In order to read the coding resistor 332, the oximeter system 340 drives the first LED 312/coding resistor 

332 combination at a level that is low enough that the LED draws effectively insignificant current because of the 
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through the coding resistor 332. 
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approxlmately 0.5V in order to measure the coding resistor 332. Because the knee for the red LED is 2.0V, very 
little (less than ty/A) current will flow through the red LED and essentially no current will flow through the infrared 
LED 312 (because the infrared LED 312 is reverse biased). In such a scenario, the current which passes through 
the network of the first LED 312, the second LED 314, and the coding resistor 332 is approximately equal to the 
5 current through the coding resistor 332. The resistance of the coding resistor 332 is then easily determined via 
Ohms Law by dividing the voltage applied to the network by the current which flows through the network. Care 
must be taken to insure that the element (active or passive) does not create electromagnetic noise which could lead 
to reduced system signal to noise ratio. 
Wavelength Detection 

10 As briefly discussed above, in certain circumstances, it is useful directly to obtain information regarding the 

wavelength of an LED connected to an oximeter. As illustrated in FIGURE 7, a wavelength detector 268 can be 
provided. However, a wavelength detector requires some configuration operations to be performed by the operator. 
In a hospital environment, it is advantageous to simplify the use of the oximeter. Accordingly, in another 
embodiment, each LED sensor is configured with a wavelength detection configuration. FIGURE 9A and 9B depict 

15 diagrams of possible embodiments of LED sensors configured with filters. These sensor configurations can be used 
to obtain the wavelength of the LED for the sensor. 

As depicted in FIGURE 9A, a sensor 400 comprises a transmission LED network 402, a first photodetector 
404, a second photodetector 406, a diff user 407, a beam splitter 408, an optical filter 410 and an optional optical 
filter 471. The transmission LED network 402, the first photodetector 404 and the second photodetector 406 all 

20 couple to an oximeter system 41 Z A third photodetector 413 is also depicted in dotted line to illustrate the 
photodetector for the oximetry measurement. This third photodetector 413 is not discussed in the following 
discussion which relates to the calibration portion of the oximeter probe 400. The transmission LED network 402 
preferably comprises at least two LEDs, one in the red wavelength range (e.g., 660 nm) and one in the infrared 
wavelength range (e.g., 905 nm). Determining the wavelength of one of the LEDs in the LED network 402 using the 

25 configuration of the sensor 400 depicted in FIGURE 9A is described below. 

As seen in FIGURE 9A, the LED network 402 transmits light 414 which first passes through the diffuser 
407. The diffuser 407 is provided advantageously in the preferred embodiment in order to remove polarization of 
the Eght because the beam splitter 408 is sensitive to polarized light, and most LEDs transmit some percentage of 
polarized fight The fight then passes to the beam splitter 408 where rt is divided. The beam splitter 408 is 

30 preferably coated with a material which is partially reflective to fight of the wavelength of the LEDs of interest in 
the LED network 402. Advantageously, the beam splitter 408 reflects approximately one-half of the fight 414 and 
directs it to the first photodetector 404. The remainder of the light passes through the beam splitter 408 and 
through the filter 410 and is received by the second photodetector 406. The oximeter system 412 receives the 
intensity reading from the first and second photodetectors404, 406 and utizes the relative intensities from the first 

35 and second photodetectors 404, 406 to determine the centroid of the emission wavelength for the LEDs 402, as 
further explained below. 
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photodetector 424. Accordingly, like the embodiment of FIGURE 9A, the second photodetector 424 in FIGURE 9B 
receives fight attenuated by the filter 430, and the first photodetector 422 receives light unattenuated by the filter 
430. 

As with the embodiment of Figure 9A, as is well understood in the art, obtaining an integrating optical 
5 sphere precisely integrate the light would be costly to construct. However, again, it is not necessary to obtain a 
perfect integrating sphere because imprecision in the sphere (as well as in other elements) can be accommodated 
with calibration. For instance, the system of Figure 9B can be calibrated by activating the infrared LEO if no infrared 
filter (corresponding to the filter 411 in Figure 9A) is used. This is possible because the filter 430 is transparent 
to the infrared wavelength, and thus, each photodetector 422, 424 senses unfiltered signal (which ideally would be 
10 the same). In such an embodiment, the intensity outputs from the first and second photodetectors 422, 424 can 
be compared and equalized through calibration constants during run-time. This compensates for imprecision in the 
photodetectors, optical sphere, and diffuser. 

As with the embodiment of Figure 9A, if the infrared is not used to calibrate, the photodetectors 422, 424, 
the optical sphere 426, and the diffuser 421 can be calibrated prior to delivery with passive or active coding 
1 5 element(s) 432 for each device. 

As with the embodiment of Figure 9A, the filter 430 may have imprecision due to temperature sensitivity 
and imprecision due to manufacturing. Therefore, in order to calibrate for imprecision with respect to the filter 430 
(preferably a shot glass) due to shift in temperature and manufacturing tolerances, a temperature detector 425 is 
provided in a preferred embodiment, as with the embodiment of Figure 9A. With respect to the imprecision in 
20 manufacturing, a passive or active coding element 432 can be provided on the probe to provide information about 
the variation from a selected (ideal) filter characteristic (transition band for filter). 

It should also be understood, that in one embodiment, a single memory element or other passive or active 
element (415, 432) could be provided with enough identification capability to provide characteristic information for 
each of the diffuser, the photodetectors, filters, and the beam splitter (or optical sphere). For instance, a memory 
25 device or transistor network could be provided with several bits of information for device. 

In the present embodiment, with red {e.g., 640-680 nm) and infrared (e.g„ 900-940 nm) LEDs in the LED 
networks 402, 420 of FIGURES 9A and 9B, the wavelength of the red LED is the most critical for blood oximetry. 
Accordingly, accurate determination of the centroid operating wavelength of the red LED in the LED networks 402, 
420 is desired. In this case, the filters 410, 430 advantageously are selected to partially attenuate Gght in the red 
30 wavelength range, and pass light in the infrared range unattenuated. 

The principle by which the sensors of FIGURE 9A and 9B can be used to identify the wavelength of the 
LEDs for those sensors is now described. As wefl understood in the art LEDs for use in blood oximetry and the 
like have an emission characteristic similar to the emission curve depicted with the curve 440 of FIGURE 10A. As 
depicted in FIGURE 10A, the ideal LED has a centroid wavelength at A 0 (e.g., 660 nm). However, as weO 
35 understood, the actual centroid wavelength for a batch of LEDs with a target centroid wavelength of A 0 differs due 
to manufacturing tolerances. For instance, the emission curve may be shifted to the right as in the dotted emission 
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measurements. 

The filters 410, 430 preferably have a respense as depicted by the curve 450 in FIGURE 10B. With a filter 
chosen with the middle of its transition band selected at the targe, centroidwave.ength.4 theater transition band 
advantageous* extends from a .ewer anticipated wavelength A, to an upper anticfcated wavelength A, The range 
M, • A* Preferably encompasses the anticipated variance h wavelengths for LEOs due to manufacturing tolerances 
In other words, the manufacturing tolerance range for LEOs manufactured to have a target wavelength of A^ should 
not extend beyond the upper or lower bounds of the filter transition band. 

For LEDs having a centroid wavelength in the area of the transition band of the filter, a ratio of the overaB 
".tensity detected from a sensor LED without filtering to the intensity of the same sensor LEO detected with filtering 
provides useful inf ormation, as further explained. 

FIGURE IOC is illustrative of the ratio for an LED having a wavelength just above than the target 
wavelength A. The LED emission without filtering is represented by the LED emission curve 440A. The emission 
w«h ffltering is depicted by the ffltered emission curve 441. The filtered emission curve 441 represents the fflter 
response multiplied by the LED emission without ffltering as well understood for filtered emission. The significant 
rafo is the ratio of the area under the filtered LED emission curve 441 (fllustrated with cross hatching) to the area 
of under the unffltered LED emfcion curve 440A. It will be understood that this ratio wifl vary from 0 - 1, for LEDs 
with a centroid in the ranged, • A v and assuming the same filter response. 

This ratio of the two areas can be determined from the ratio of intensities received from the photodetectors 
404, 406 or 422, 424 as follows: Let the normafeed intensity of the unffltered light W and the intensity of the 
fdtered light, ]fiA) be represented by the following equations. 



l L M - 



1 



(30) 



•1 +e 



The energy of tho unffltered light as received by the photodetector 404. 422 can be expressed as the 
integral over the range of wavelengths of the LED emission as follows: 
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where l L M) is the LED emission vs. wavelength W) and PH) is the photodiode response vs. wavelength M). 

For simplicity, where the photodiode response is 'T (PM) - 1) in the range of interest W, • A 2 ) (in other 
words, the light emitted from the LED falls within the range of the LED), the signal of the first photodetector404, 
422 (no filter) will be as follows: 

E (Ml)(/70 Me) = f x \W& ,32) 



Similarly, the energy of the light received by the second photodetector406, 424 which has passed through 
the filter 410, 430 can be expressed as follows: 

^2^i)(^fite) = f x X2 F(X)l L (X)dX (33) 



If all LEDs for a batch of sensors have the same peak emission and bandwidth in the area of interest Mi - 
10 ^ 2 ), and can be represented by the same equation (30) except for a multiplicative constant l B , then a normalized 
ratio of the energies can be defined as follows: 



E (Mi)(no Ah) i 0 f*l L (k)dk 



E(norm)W ~ 



l 0 f\(X)dX CO™ 1 ™ 1 



(34) 
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center of its transition band at 645 nm, a second filter has the center of its transition band at 665 nm and a third 
filter has the center of its transition band at 695 nm. Other filters are also appropriate depending upon the target 
centroid wavelength. 

However, it should be understood that the principle explained above could also be used for the infrared LED, 
if the filters are chosen with the center of their transition band at >t„ selected at the anticipated or target infrared 
wavelength (e.g., 905 nm). In addition, the second filter 411 (FIGURE 9A) can be provided as a filter, with the 
center of its transition band selected at the anticipated or target infrared wavelength in order to calibrate the 
infrared LED as well. In other words, the second filter 411 would pass red wavelengths (would be transparent to 
the red LED light) and would have its transition band centered around 900 or 905nm. Such a filter is depicted in 
FIGURE 11 A. 

The wavelength detection described above could also be implemented with a sensor having only one 
photodetector, and a removable filter. The operator would initiate an intensity measurement as prompted by the 
oximeter without the filter. Then, the operator would place the filter in the light path between the LED and the 
photodetector, and initiate a second reading. The ratio of the second reading to the first reading provides the ratio 
1^ which is used to reference the operating wavelength. 
Probe Examples 

FIGURES 12-14 illustrate three different of probes used in medical monitoring of patients. 

FIGURE 12 depicts a wrap around type probe 500 with an associated connector 502 coupled to a cable 
504 which couples to an oximeter system (not shown in FIGURE 12). FIGURE 12A depicts the bottom of the 
connector 502. FIGURE 12B depicts a bottom view of the wrap-around probe of FIGURE 12, and FIGURE 12C 
depicts a side view of the wrap-around probe of FIGURE 12. The wrap around probe 500 has an LED emitter 506, 
a photodetector 508 at the end of a cavity 509, a flexible circuit 510, and friction electrical connection fingers 512. 
The probe 500 also has a connection port 519. (n one embodiment, where the probe would be used for the 
calibratable probe of FIGURES 9A, the wrap-around probe would also have a light tunnel 514 (FIGURE 12B) to 
channel some of the fight from the emitter 506 to the connector 501 In such an embodiment, all of the probe 
calibration elements marked in the dashed fine 515, 515A in Figures 9A and 9B are positioned in a cavity 516 
(FIGURE 12A) which receives the fight channeled through the light tunnel 514 and coupled to the connector 502 via 
an aperture 518 at the end of the fight tunnel 514. As seen in FIGURE 12A, electrical friction connectors 520 on 
the connector are configured to couple with the electrical connectors 512 of the wrap-around probe 500. The 
flexible circuit connects the emitters 506 and the detector 508 to the connection fingers 511 

In use, the wrap-around probe is placed on the digit of a patient, and the photodetector 508 is positioned 
opposite the emitter 506 so as to receive light from the emitter 506 attenuated by transmission through a fleshy 
medium. 

FIGURE 13 depicts another embodiment of a wrap-around probe 530 for medical monitormg of infants. The 
probe has a first flexible portion 532 configured to be wrapped about the digit of a neonate, attached to the first 
flexile portion 532 is a second flexible member carrying emitters 534 (LEDs) and photodetector 536. In one 
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a much longer period of time. 

In this embodiment, the wrap portion 602 is tote and disposable after each use with a ver^ low co^ 
T e wrap portten has a W,e layer B26 made from pofymer or other flexible materials and has a connector port 
6 4 „„ the ftexihte layer 62, The connector port 614 has etectncal finger friction connectors 616 whteh are 
adapted to couple to etectrica. finger friction connectors 620 (FIGURE 1 5A, on the hottom of the connection portion 
12 o, the connector 604. The etectrica. finger friction connectors 616 for the wrap portion 602 coupte to a 
flex-ble circuit 618 winch connects to a detector 622 which * shtelded (not shown, for the detector 622 Two of 

shield to protect the detector from electromagnetic interference and the like. 

The wrap around probe 600 has an aperture 624 the, provides a window for the transmission of light 
energy from the emnters m the emhter portion 610. The emnters are positioned to transmn Bght through an 
aperture 628 (FIGURE 15A| in the emitter portion 610 which is configured to match with the aperture 624 in the 
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wrap portion 602 when the connector 604 is positioned in the connection port 614. Thus, the light transmits from 
the emitters in the emitter portion 610 through the aperture 628 in the emitter portion 610 and through the aperture 
624 in the wrap portion 602 when the connector 604 is inserted into the connector port 614 and the emitters are 
activated. 

In use, the wrap portion 602 is wrapped around a digit of the patient (e.g., a finger) and the detector 622 
is positioned to receive light transmitted through the aperture 624 and through at least a portion of the digit. For 
instance, the wrap portion 602 can be wrapped around a finger in a manner that the detector 622 is opposite the 
aperture 624 from which light energy is transmitted. 

In one embodiment, the probe 600 is used for the calibratable probe of FIGURES 9A and 9B. In this 
embodiment, the connection portion 612 has the elements in the dotted boxes 515 and 51 5A of FIGURES 9A and 
9B positioned in the connection portion 612. In this manner, the calibration elements are reusable, yet work with 
the LEDS in the emitter portion 610 to form a calibratable embodiment. In such an embodiment, the emitters are 
positioned in the emitter portion 610 such that the majority of the light energy transmits through the aperture 628 
and that some fight energy transmits to a light aperture 620 in the end of the connection portion 612 (Figure 15B). 
The connection portion 612 contains the calibration elements depicted in the boxes 515 and 51 5A (FIGURES 9A AND 
9B) housed in the connection portion 612. 

Figure 15B depicts an end view of the connection portion 612 depicting the light channel 620 and two 
electrical connector 613A, 613B which provide connections for LEDs (red and infrared connected back-to back in the 
present embodiment) in the emitter portion. 

It will be understood that the apparatus and method of the present invention may be employed in any 
circumstance where a measurement of transmitted or reflected energy is required, including but not limited to 
measurements taken on a finger, an earlobe, or a lip. Thus, there are numerous other embodiments which will be 
obvious to one skilled in the art. Furthermore, the apparatus and method of the present invention may be employed 
for any LED application that is wavelength sensitive. The present invention may thus be embodied in other specific 
forms without departing from its spirit or essential characteristics. The described embodiments are to be considered 
in all respects only as illustrative and not restrictive. Hie scope. of the invention is, therefore, indicated by the 
foDowing appended claims. AD changes which come within the meaning and range of equivalency of these claims 
are to be embraced within their scope. 
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WHAT IS CLAIM Fn IS- 

1. A tuned light transmission network for transmitting light energy at a preselected wavelength 
comprising: 

a current source configured to provide a preselected source current; 
a light emitting diode coupled to said current source, said light emitting diode of the type that 
exh.b.ts a shift in wavelength with a shift in a selected tuning parameter; and 

a tuning element connected in parallel with said fight emitting diode, the value of said tuning 
element having an impedance value, said tuning element setected to draw at least a fust portion of said 
preselected source current such that a second portion of said preselected source current passes through 
said fight emitting diode, said second portion of said preselected source current selected to cause said light 
emitting diode to generate light energy of a preselected wavelength. 

2. The tuned light transmission network of Claim 1, wherein said tuned element comprises a resistor 

3. The tuned fight transmission network of Claim 1. wherein said tuning parameter is drive current 
within a range of drive current. 

15 4. The tuned light transmission network of Claim 1, wherein said tuning parameter is drive voltage 

withia a range of drive voltage. 

5. The tuned light transmission network of Claim 1, further comprising a detector responsive to light 
energy from said light emhting diode to generate an output signal indicative of the mtensity of the light energy. 
B. A method for precalibrating a light generating sensor, comprising the steps of: 

determining a first level of current required passing through a light source to operate said fight 
source at a preselected wavelength; 

defining a second level of current, said second level of current higher than said first level of 
current, said second level of current defining a drive current- 
selecting an impedance element which when coupled in parallel with said light source forms a 
tuned light source network, said impedance element selected to draw a sufficient amount of said drive 

current such that said fust level of current passes through the fight source; and 
connecting said impedance in parallel with said fight source. 

7. A method of providing two wavelengths from a single light emitting diode, said method comprising 
the steps of: 

30 selecting a light emitting diode of the type that exhibits a wavelength shift with a change in drive 

current through the fight emitting diode for a range of drive current; 

coupling a source of electrical energy to the light emitting diode to provide said drive current; 
driving the fight emitting diode with a first level of drive current within said range of drive current 
to cause said fight emittmg diode to become acthie and operate at a first wavelength is response to said 
35 first level of drive current; and 



20 



25 



WO 96/41 138 PCT/US96/08631 

-33- 

driving the Oght emitting diode with a second level of drive current within said range of drive 
current and different from said first level of drive current to cause said light emitting diode to become 
active and operate at a second wavelength in response to said second level of drive current. 

8. The method of Claim 7, wherein said light emitting diode is configured to transmit light energy 
to a medium under test, further comprising the steps of: 

while said Gght emitting diode is operating at said first wavelength, transmitting first light energy 
at said first wavelength through the medium under test, said first wavelength chosen for a first 
predetermined attenuation characteristics of said light energy as it propagates through said medium under 
test, and measuring the attenuated light energy from said light emitting diode; and 

while said light emitting diode is operating at said second wavelength, transmitting second light 
energy at said second wavelength through the medium under test, said second wavelength chosen for a 
second predetermined attenuation characteristic of said light energy as it propagates through the medium 
under test, and measuring the attenuated light energy from said fight emitting diode. 

9. The method of Claim 8, wherein said method comprises determining the oxygen saturation of blood, 
and said medium under test comprises a portion of the human body having flowing blood, further comprising the 
steps of: 

coupling the source of energy to a second light emitting diode which operates at a third 
wavelength distinct from said first and said second wavelengths, the change in wavelength between said 
first and second wavelengths having a preselected value; 

transmitting third light energy at said third wavelength through said medium under test; 

measuring said third light energy after propagation through said medium under test; and 

calculating the oxygen saturation of said blood. 

10. The method of Claim 9, further comprising a method of calculating another parameter relating to 
said medium under test, said first wavelength of known value, and said change in wavelength between said first and 
second wavelength having a preselected value, said method comprising the steps of: 

determining the value of said second wavelength; and 
calculating said another parameter of said blood. 

11. The method of Claim 10, wherein said another parameter comprises the saturation of 
carboxy hemoglobin. 

12. The method of Claim 10, wherein said another parameter comprises scattering. 

13. The method of Claim 7, said method further comprising the steps of: 

adjusting the first light emitting diode with an adjusting impedance element such that the change 
in wavelength for an incremental change in current matches a preselected wavelength change. 

14. The method of Claim 13, wherein said adjusting impedance element comprises a resistor. 

15. The method of Claim of Claim 13, wherein sard step of adjusting comprises the steps of: 
placing the adjusting impedance element in parallel with said first Oght emitting diode; 
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selecting the value of said adjusting resistor to cause the first light emitting diode to exhibit said 
preselected change for said incremental change in current. 
16. An oximeter sensor comprising: 

a first fight emitting device configured to generate a light at a first known wavelength and which 
is active at a first voltage level; and 

an information element in parallel with said first light emitting device. 

17 The oximeter sensor of Cbim 16. wherein said information element operates at a voltage level 
below said first voltage level. 



18. 
19. 

network. 

20. 
21. 
22. 

the value of 



The oximeter sensor of Claim 16, where said information element comprises a resistor 

The oximoter sensor of Claim 16. wherein said information element comprises an nupedance 



The oxuneter sensor of Claim 16. wherein said information element comprises a memory device 
The oxoneter sensor of Clabn 16. where* the light emitting device comprises a light ermtting diode. 
The oxoneter sensor of Claim 1 6. wherein said information element comprises an encoding resistor 
encoding resbtor indicative of the first known wavelength value, and the va.ue sufficiently high 

23. The oximeter sensor of Claim 16, wherein said information element comprises a security element 
the security eiament indicative that the oximetar sensor is of a predetermiaed type, the value of the security element 
configured such that it draws effectively insignificant current during active operation of said first light emitting 
device. 

24. The oximeter sensor of Claim 23. wherein said security element comprises a resistor with a value 
that is sufficient high such that the resistor draws effecthrely insignificant current during active operation of said 
first light emitting device. 

25. A method of tuning a fight emitting diode to operate at a preselected wavelength within a range 
of wavelengths, said method comprising the steps of: 

selecting a light emitting diode that exhibits a wavelength shift in response to a change in drive 
current within a range of drive current; 

driving said light emitting diode with a first drive current- 
measuring the wavelength of said fight emitting diode during operation at said first drive current; 

and 

if said fight emitting diode is not operating at said preselected wavelength, adjusting the drive 
current within said range of drive current to a second drive current such that said fight emitting diode 
operates at said preselected wavelength. 

26. A sensor configured to transmit and detect fight comprising: 

at least one fight emhting etement. said fight emitting element having an emission with a centroid 
transmission wavelength; 
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first and second photodetectors, said emission within the response of said first and second 
photodetectors; 

a light directing member configured to direct light from said at least one light emitting element 
to said first and second photodetectors; and 

a filter positioned between said second photodetector and said at least one light emitting element 
said filter having a transition band selected to encompass said centroid transmission wavelength. 

27. The sensor of Claim 26, said sensor comprising an oximeter sensor, said at least one light emitting 
element comprising first and second light emitting diodes, said first light emitting diode having a centroid wavelength 
in the red range and said second Oght emitting diode having a centroid wavelength in the infrared range, said filter 
having a transition band which encompasses the centroid wavelength of said first light emitting diode. 

28. The sensor of Claim 26, said light directing member comprising an integrating optical sphere having 
said first and second photodetectors positioned about sphere so as to receive substantially equivalent portions of Oght 
from said at least one light emitting element. 

29. The sensor of Claim 26, said light directing member comprising a beam splitting member positioned 
to substantially equally divide light from said at least one light emitting member and direct substantially equal 
portions of the light to said first and said second photodetectors. 

30. A method of determining the centroid wavelength of a light emitting element, said method 
comprising the steps of: 

providing a set of a plurality of predetermined ratios, each of said plurality of predetermined ratios 
corresponding to an associated centroid wavelength; 

transmitting light from said light emitting element to a first fight detecting element to obtain a 
first intensity; 

transmitting fight from said light emitting element through a filter which attenuates the light to 

a second fight detecting element to obtain a second intensity; 

calculating a ratio of said second intensity to said first intensity; and 

comparing said ratio to said set of predetermined ratios to reference the centroid wavelength of 

said fight emitting element. 

31. The method of Claim 30, wherein said first and second fight detecting elements comprise the same 
light detecting element, said steps of transmitting occurring sequentially. 
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